Introduction {#sec1_1}
============

Tropomyosin-related kinase B receptor (TrkB)-mediated signaling is vital for neuronal differentiation, survival, plasticity, and cognition of a variety of neurons throughout the brain \[[@B1],[@B2],[@B3],[@B4]\]. Following transcription, the TrkB pre-mRNA is alternatively spliced to generate three alternative transcripts, TrkB-TK+, TrkB-TK-, and TrkB-Shc \[[@B5]\]. All three alternative transcripts code for receptors possessing a ligand-binding domain, but each varies in length at the 3′ end. There is evidence to suggest that the expression pattern of TrkB in the brain differs depending on the isoform. For instance, TrkB-TK-is expressed in both neurons and glia \[[@B6],[@B7],[@B8]\], whereas TrkB-Shc expression is neuron specific \[[@B5]\]. Surprisingly, while the existence of TrkB-Shc has been known for some time, much less is known about its regulation and function in both normal and diseased states. Recent evidence has demonstrated that TrkB transcripts may also be substantially regulated by microRNAs (miRNAs).

miRNAs are small noncoding RNAs that function as gene expression modulators in regulating cell growth and differentiation \[[@B9],[@B10]\]. Interestingly, the brain was identified as the organ expressing the highest variety of miRNAs, suggesting an important role for miRNAs in the development of the nervous system \[[@B11],[@B12]\]. Guidi et al. \[[@B13]\] reported isoform-specific regulation of the TrkB receptor in the neuronal cell-line SHSY5Y. The study identified and demonstrated that miR-151-3p could repress TrkB-TK+ mRNA levels and that miR-128, −485-3p, −765, and −768-5p could repress TrkB-TK-mRNA levels \[[@B13]\]. In a recent study, TrkB-TK-expression was also found to be regulated by specific miRNAs \[[@B14]\]. Maussion et al. \[[@B14]\] found increased levels of miR-185\* in the frontal cortex of suicide completers and identified five putative miR-185\*-binding sites in the TrkB-TK-3′UTR. These findings provide clear evidence that TrkB alternative transcripts are susceptible to miRNA-mediated regulation, and importantly, they also show that these processes can occur in the brain as well as in brain-related disorders. To date, no study has yet assessed whether miRNAs are capable of regulating TrkB-Shc transcripts. Previously, expression of TrkB-Shc transcripts was shown to be regulated by the RNA splice regulatory protein Srp20 during pre-mRNA processing \[[@B15]\]. Moreover, it was found that changes in TrkB-Shc expression through Srp20 were associated with Alzheimer\'s disease (AD).

AD is the most prevalent form of dementia characterized by the formation of neuritic amyloid plaque deposits and neurofibrillary tangles, progressive loss in brain volume, and cognitive deficits \[[@B16],[@B17]\]. In a previous study, a number of miRNAs in mouse primary hippocampal neurons were found to be dysregulated following amyloid beta treatment \[[@B18]\]. Considering that TrkB signaling has been found to be affected early in AD, this study aimed to determine whether TrkB-Shc can be regulated by miRNAs and whether expression changes identified in the miRNAs can modulate TrkB expression. Considering that TrkB-Shc is a neuron-specific isoform, determining which miRNAs are capable of regulating its expression may shed much needed light on how TrkB signaling is regulated, and consequently, how it can be disrupted in disease conditions.

Materials and Methods {#sec1_2}
=====================

Cell Culture {#sec2_1}
------------

Cell-lines were obtained from the American Type Culture Collection and grown at 37°C in a 5% CO~2~ atmosphere. HEK293 cells were cultured in Dulbecco\'s modified Eagle\'s medium, while SHSY5Y cells were cultured in RPMI medium. All culture media were supplemented with 10% (v/v) FBS and glutamax (2 mM; Gibco-BRL). For experiments, SHSY5Y cells were differentiated by addition of all-trans retinoic acid (10 μM) to the culture medium and incubated for 9 days. No cell toxicity was observed in any of the treatment conditions at the concentrations employed.

Plasmid Constructs {#sec2_2}
------------------

The plasmid pGL3-SV40-TrkB-Shc-3′UTR was constructed as previously described \[[@B19]\] by amplifying the entire 6,080 bp 3′UTR of the human TrkB-Shc transcript (accession No. NM_001018066) from 9 days differentiated SHSY5Y cDNA. Primers were TrkB-ShcF1: TAATAATTTGGTATTTGGAGGCTC; TrkB-ShcF2: TTTGGGTCTAGATAATAATTTGGTATTTG, and TrkB-ShcR2: CCCGGGTCTAGATATATGACAGTC. The miRNA-binding sequences of each putative miR-409-3p- or miR-216b-binding site contained in the TrkB-Shc 3′UTR were cloned into pGL3-SV40 (Promega) as previously described \[[@B19],[@B20]\].

Luciferase Reporter Assay {#sec2_3}
-------------------------

Luciferase reporter assays were carried out as described previously \[[@B19]\]. On day 1, cells were seeded in 48-well plates (density: 3 × 10^4^ HEK293). On day 2, cells were cotransfected with either pGL3-SV40 (empty vector), pGL3-SV40-TrkB-Shc-3′UTR, pGL3-SV40-miR-409-3p, or pGL3-SV40-miR-216b (125 ng/well) miR-409-3p, miR-216b, or miRNA control (5 pmol/well; Sigma-Aldrich; category No. HMC0002), and phRL-TK renilla (12.5 ng/well; Promega) for 24 h using Lipofectamine 2000 (0.5 μl/well). The phRL-TK renilla internal control plasmid was cotransfected for normalization of transfection efficiency. On day 3, cells were washed and resuspended in 50 µl of 1× passive lysis buffer. Luciferase assays were performed using the Dual Luciferase Assay Reporter System according to the manufacturer\'s instructions in a FlourStar OPTIMA (BMG). Results were normalized to the renilla control and expressed as relative luciferase activity with respect to the empty vector control-miRNA transfected condition, which was set to one. All assays were conducted with no less than three independent experiments and with replicate cultures.

RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR {#sec2_4}
--------------------------------------------------------------

SHSY5Y cells were seeded in 12-well plates (density: 1 × 10^6^), differentiated for 9 days and transfected with miRNAs (miR-409-3p, miR-216b, miRNA control) for 24 h using Lipofectamine 2000. Total RNA extraction, cDNA synthesis, and quantitative real-rime PCR (qPCR) were conducted as previously described but with minor modifications \[[@B21]\]. Reverse transcriptase-PCR was performed according to the manufacturer\'s protocol for iScript™ Select cDNA Synthesis Kit (BioRad). qPCR was performed using Sso Fast Evagreen Supermix (BioRad) on a LightCycler 480 with a 96-well format (Roche). PCR cycling conditions and primer pairs used for gene expression analyses are detailed in the study by Wong et al. \[[@B21]\]. Control reactions with no template were included, which produced no signal. Melt curve analysis and agarose gel electrophoresis were performed to confirm the production of a single product. Changes in gene expression levels were determined by normalizing mRNA levels of the gene of interest to the mRNA level of the housekeeping gene β-actin using the 2^-ΔΔCT^ method \[[@B22]\]. β-Actin did not vary with miRNA transfections.

Western Blotting {#sec2_5}
----------------

Total cell protein extraction and Western blotting were performed as previously described \[[@B21]\]. The primary antibody used was TrkB antibody (1:3,000 dilution; Cell Signaling Technology; category No. 4,603). The secondary antibody used was mouse peroxidase-conjugated affinity purified secondary antibody (Dako). Membranes were incubated with enhanced chemiluminescence reagent (Millipore) and visualized by autoradiography. Protein loading was assessed by stripping and reprobing for β-actin (1:10,000 dilution; Sigma Aldrich; category No. A2066). Bands were quantitated by densitometry using Image J (version 1.37v; National Institutes of Health, USA). The brightness/contrast of images has been adjusted using Adobe Photoshop CS (version 8).

Statistical Analysis {#sec2_6}
--------------------

Cell culture experiments are from three replicate cultures representative of 3-6 independent experiments. Values are presented as mean ± standard error of the mean (SEM). Outliers were determined and removed from subsequent analyses using the Grubb\'s test or if data points were greater or less than two standard deviations from the mean. Statistical analyses were conducted using Statistica 7 (StatSoft Inc., 2000; STATISTICA for Windows). Two-tailed unpaired t tests were used to assess significance between two groups. A p value \<0.05 (two-tailed) was considered statistically significant.

Results {#sec1_3}
=======

miR-409-3p and miR-216b as Putative Regulators of the TrkB-Shc 3′UTR {#sec2_7}
--------------------------------------------------------------------

A number of miRNAs in mouse primary hippocampal neurons were previously found to be dysregulated following amyloid beta treatment \[[@B18]\]. In particular, miR-409-3p was found to be altered in adult mice (2 months old), and the changes were maintained in aged mice (13 months old). In light of previous findings suggesting that TrkB signaling may be altered in the disease process \[[@B21],[@B23],[@B24]\], miR-409-3p was assessed to determine if it could target and potentially regulate TrkB alternative transcripts.

To ascertain if the TrkB transcripts may be regulated by miR-409-3p, an in silico screen of the 3′UTR of the three major TrkB alternative transcripts was conducted using microRNA.org, a database with a comprehensive resource of miRNA target predictions and expression profiles ([www.microrna.org](http://www.microrna.org)). Interestingly, the TrkB-Shc 3′UTR was the only TrkB 3′UTR found to contain two putative miR-409-3p-binding sites (table [1](#T1){ref-type="table"}). However, miR-409-3p was not one of the miRNAs identified by the database algorithm to have a high likelihood of targeting the TrkB-Shc 3′UTR. Instead, miR-216b was found to have the highest probability of targeting the TrkB-Shc 3′UTR with six putative miRNA-binding sites (table [1](#T1){ref-type="table"}).

The mirSVR downregulation scores are interpreted as an empirical probability of downregulation \[[@B25]\]. In addition, the composite approach of miRanda-generated alignments is utilized in conjunction with the mirSVR scores to enable conservative predictions of noncanonical binding sites without increasing the incidence of false-positive predictions. The database algorithm utilized in this study included all target site predictions, which had either a 6-mer or better seed site, or a mirSVR score ≤-0.1. Of the two potential binding sites identified for miR-409-3p, only one had a mirSVR score ≤-0.1 (miR-409-3p-BS2) (table [1](#T1){ref-type="table"}). Similarly, three of the six potential miRNA-binding sites identified for miR-216b also had mirSVR scores ≤-0.1 (miR-216b-BS3, miR-216b-BS4, miR-216b-BS5). After considering the regulatory implication of miR-409-3p and miR-216b on TrkB-Shc expression, the regulatory effect of the two miRNAs on TrkB-Shc expression was assessed.

Targeted miRNA Regulation in vitro {#sec2_8}
----------------------------------

Considering that the putative binding sites in the TrkB-Shc 3′UTR with mirSVR scores ≤-0.1 have a greater probability of being targeted by their specific miRNAs (table [1](#T1){ref-type="table"}), it was next determined whether the miRNAs identified with mirSVR scores ≤-0.1 could regulate target mRNA levels in a biological setting using HEK293 cells. The putative TrkB-Shc 3′UTR miR-409-3p- and miR-216b-binding sites identified from microrna.org (table [1](#T1){ref-type="table"}) with mirSVR scores ≤-0.1 were cloned into pGL3-SV40 luciferase reporter constructs. Then, these constructs were cotransfected into HEK293 cells either with the luciferase reporter construct containing the putative binding site of interest or an empty vector in conjunction with miR-409-3p or miR-216b, or control miRNA. Consistent with the mirSVR scores, miR-409-3p-BS2 showed a significant decrease in luciferase reporter activity following miR-409-3p transfection (t = 10.6, d.f. = 4, p = 0.0004) (fig. [1a](#F1){ref-type="fig"}). Similarly, miR-216b-BS3, miR-216b-BS4, and miR-216b-BS5 showed significant decreases in luciferase reporter activity following miR-216b transfection (t ≥ 6.52, d.f. = 4, p \< 0.003) (fig. [1b](#F1){ref-type="fig"}).

As an experimental control, a miR-409-3p-binding site with a mirSVR score of −0.0022 (miR-409-3p-BS1) was also cloned. miR-409-3p-BS1 showed no significant change in luciferase reporter activity (t = −0.90, d.f. = 4, p = 0.42). Moreover, no significant changes were observed in the empty vector control transfections (miR-409-3p: t = −0.56, d.f. = 4, p = 0.61; miR-216b: t = −1.42, d.f. = 4, p = 0.23) (fig. [1a, b](#F1){ref-type="fig"}).

Putative miRNA Regulation of the TrkB-Shc 3′UTR {#sec2_9}
-----------------------------------------------

It was next determined whether miR-409-3p and miR-216b could regulate TrkB-Shc transcript expression through its 3′UTR. The TrkB-Shc 3′UTR was cloned into the 3′UTR of the pGL3-SV40 luciferase reporter vector. Then, HEK293 cells were cotransfected with either this luciferase reporter construct or an empty vector with either miR-409-3p, miR-216b, or control miRNA. Highly significant decreases in luciferase reporter activity were observed following miR-409-3p and miR-216b transfection (miR-409-3p: t = 7.10, d.f. = 4, p = 0.002; miR-216b: t = 23.3, d.f. = 4, p = 0.00002) (fig. [2a, b](#F2){ref-type="fig"}). No significant changes were observed in the empty vector control transfections (miR-409-3p: t = −2.07, d.f. = 4, p = 0.0.11; miR-216b: t = −1.87, d.f. = 4, p = 0.14) (fig. [2a, b](#F2){ref-type="fig"}). Consistent with observations using only the putative mi409-3p- and miR-216b-binding sites, it was found that both miR-409-3p and miR-216b could decrease luciferase reporter activity in cells transfected with constructs containing the endogenous TrkB-Shc 3′UTR.

Effect of miR-409-3p and miR-216b on TrkB Expression {#sec2_10}
----------------------------------------------------

TrkB-Shc is a neuron-expressed TrkB isoform \[[@B5]\]. Thus, to determine whether miR-409-3p and miR-216b can regulate endogenous TrkB-Shc mRNA and protein expression in a neuronal setting, changes in TrkB-Shc expression were assessed using the neuronal cell-line SHSY5Y. SHSY5Y cells were transiently transfected with miR-409-3p and miR-216b for 48 h, and total RNA and protein were extracted to assess gene expression changes. Interestingly, no significant change in TrkB-Shc transcript levels was found in SHSY5Y cells following miR-409-3p and miR-216b transfections (miR-409-3p: t = 0.08, d.f. = 14, p = 0.94; miR-216b: t = −0.96, d.f. = 15, p = 0.35) (fig. [3a](#F3){ref-type="fig"}). Moreover, no significant changes were observed for the TrkB-TK+ or TrkB-TK-transcripts (miR-409-3p: TrkB-TK+: t = −1.42, d.f. = 15, p = 0.18; TrkB-TK-: t = 0.18, d.f. = 15, p = 0.86; miR-216b: TrkB-TK+: t = −1.65, d.f. = 16, p = 0.12; TrkB-TK-: t = 0.20, d.f. = 15, p = 0.84).

However, when TrkB protein levels were assessed, significant changes were observed. Previously, it was shown by Western blotting that TrkB immunoreactive bands migrate at ∼140 kDa (corresponding to full-length TrkB) and ∼90 kDa (corresponding to truncated TrkB) (fig. [3b](#F3){ref-type="fig"}) \[[@B21],[@B26]\]. Both TrkB-TK- and TrkB-Shc isoforms are similar in size and both migrate at ∼90 kDa.

Following miR-216b transfection, significant increases were observed in the 140- and 90-kDa bands corresponding to the full-length and truncated TrkB protein isoforms, respectively (miR-216b: 140 kDa: t = −2.36, d.f. = 15, p = 0.03; 90 kDa: t = −3.36, d.f. = 16, p = 0.004) (fig. [3c](#F3){ref-type="fig"}). In contrast, levels of the 140- and 90-kDa TrkB proteins were not significantly changed following miR-409-3p transfection (miR-409-3p: 140 kDa: t = 0.72, d.f. = 15, p = 0.48; 90 kDa: t = 1.66, d.f. = 16, p = 0.12). No significant changes in β-actin protein levels were observed following miRNA transfections.

Discussion {#sec1_4}
==========

The mirSVR score was found to be a good indicator of miRNA binding. Experimentally, the putative miRNAs with scores ≤-0.1 were able to elicit a downregulatory effect on gene expression levels, whereas those with mirSVR scores ≥-0.1 did not alter gene expression levels. Importantly, the present findings substantiated this using miR-409-3p-BS1, a putative miRNA of interest with a mirSVR score \>-0.1.

miRNAs and TrkB Protein Expression {#sec2_11}
----------------------------------

Whilst reductions in luciferase reporter activity were observed for constructs regulated by the TrkB-Shc 3′UTR, decreases in the 90-kDa TrkB protein would have been expected. Instead, increased expression levels of both the 140- and 90-kDa TrkB protein isoforms were observed. This may have occurred as selective reduction in TrkB-Shc transcripts may lead to increased translation of TrkB-TK+ and TrkB-TK-transcripts, thus leading to increased protein levels. At present, there is no specific antibody available to detect the TrkB-Shc protein. Moreover, TrkB-Shc is predicted to have the same molecular weight as the truncated TrkB-TK-protein and other truncated TrkB proteins lacking the kinase domain \[[@B5]\]. Thus, any decrease in the TrkB-Shc protein is likely to be masked by increased expression of other truncated TrkB proteins. The observed increase in the 140-kDa TrkB protein supports this rationale. Furthermore, the reductions quantified in luciferase reporter levels detected for TrkB-Shc 3′UTR-regulated luciferase constructs support the likelihood that TrkB-Shc protein levels can be regulated by miR-216b. It is notable that changes in TrkB protein levels were likely to be specific for TrkB as no significant changes were detected in β-actin protein levels in the experimental conditions tested.

Differential Effect of miRNAs on TrkB Protein Expression {#sec2_12}
--------------------------------------------------------

Changes in TrkB protein levels were unlikely to have occurred as a result of mRNA degradation. Gene expression regulation by miRNAs can either be due to the inhibition of translation of existing mRNA and/or due to mRNA degradation \[[@B27],[@B28]\]. In this study, discordant regulation was observed between TrkB-Shc transcripts and TrkB proteins in miR-216b transfections. These findings are consistent with early studies in *Caenorhabditis elegans*, which showed that miRNAs may also repress gene expression by decreasing target protein levels, but without affecting the stability of the mRNA \[[@B29]\]. Moreover, the present findings are also consistent with a recent study by To et al. \[[@B28]\], which showed that miR-519c was capable of downregulating ABCG2 expression through both translation repression and mRNA degradation in HEK293 cells. However, they found that repression of ABCG2 gene expression by miR-519c was more pronounced through translation inhibition compared to increases in mRNA degradation \[[@B28]\]. Interestingly, while modulation of luciferase activity was observed in miR-409-p and miR-216b transfections using constructs cloned in the absence or presence of the TrkB-Shc 3′UTR, in contrast to miR-216b, no changes in TrkB protein levels were observed in transfection experiments using miR-409-3p. In early studies using *C. elegans*, small noncoding RNAs such as lin-4 and let-7 were shown to repress gene expression through imperfect complementary matches to sequences within the 3′UTRs of their target mRNAs \[[@B29]\]. To et al. \[[@B28]\] found that the functional distinction through which miR-519c operated could be predicted through the degree of base pairing between the miRNA and the miRNA-binding site in the 3′UTR. Additionally, they also found that it was the suboptimal degree of base pairing between miR-519c and the human ABCG2 3′UTR, which was critical for the observed changes \[[@B28]\]. When the miR-519c-binding site was replaced with a sequence complementary to miR-519c in the same ABCG2 expression vector, ABCG2 was repressed predominantly by mRNA degradation \[[@B28]\]. In this current study, suboptimal pairing was observed between the three putative miR-216b-binding sites in the TrkB-Shc 3′UTR and miR-216b, consistent with the mechanism proposed by To et al. In contrast, miR-409-3p showed partial but optimal base pairing with the TrkB-Shc 3′UTR.

It was previously found that spacing of the seed sites within the 3′UTR may play a significant role in the function of miRNAs, as sequences adjacent to the miRNA recognition elements (MREs) and/or the secondary structure of the 3′UTR of the target mRNA may affect the direct binding of miRNAs to the target sequence and/or affect regulatory protein binding, such as miRNPs, so that they cannot efficiently 'unwind' structured RNA areas; thus, indirectly preventing miRNAs from binding to sites that are embedded in such structured areas \[[@B29],[@B30]\]. Additionally, multiple MREs for the same or different miRNAs within the identical 3′UTR can function cooperatively to enhance repression \[[@B29],[@B30]\]. In this current study, six putative miR-216b-binding sites were identified in the TrkB-Shc 3′UTR of which three showed regulatory activity. In contrast, two miR-409-3p-binding sites were identified in the TrkB-Shc 3′UTR of which only one demonstrated regulatory activity. Thus, the different regulatory activity observed between miR-409-3p and miR-216b on TrkB protein expression may be due to the individual or combined effects of suboptimal base-pairing and multiple MREs.

While previous findings have shown that treatment of primary hippocampal neurons of mice with amyloid beta is associated with dramatic dysregulation of multiple miRNAs (including miR-409-3p) \[[@B18]\], the fact that miR-409-3p had no significant impact on TrkB protein expression in a neuronal setting may suggest that the effects of this miRNA on TrkB are subtle or may require interaction with other miRNAs or cellular processes. This may be plausible, since transfection experiments using miR-409-3p were able to reduce luciferase reporter activity when regulated by the TrkB-Shc 3′UTR. In contrast, miR-216 had a pronounced effect on TrkB protein expression. This current study provides experimental evidence to confirm that miR-216b can regulate TrkB-Shc expression and suggests that dysregulation in its expression may play a role in disease processes.

Conclusion {#sec1_5}
==========

The miRNAs identified in this study highlights the importance of miRNA-mediated regulation on TrkB expression. On a general level, it reaffirms the relevance of miRNAs in the regulation of alternative transcript expression in biological cell systems.
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![Assessment of putative miR-409-3p- and miR-216b-binding sites. HEK293 cells were cotransfected with pGL3-SV40 (empty vector; white column) or a pGL3-SV40 construct containing the putative miR-409-3p- (**a**) and miR-216b-binding sites (**b**) identified in table [1](#T1){ref-type="table"} in combination with miR-409-3p, miR-216b, or control miRNA. Data are normalized to the respective empty vector controls and expressed as relative luciferase activity. Values are presented as mean ± SEM and are representative of n = 3 independent experiments from three replicate cultures. \* p \< 0.005 (pGL3-216b-BS3: p = 0.002; pGL3-216b-BS3: p = 0.003); \*\* p \< 0.001 (pGL3-409-3p-BS2: p = 0.0004; pGL3-216b-BS5: p = 0.0008).](dee-0004-0364-g01){#F1}

![Regulation of the TrkB-Shc 3′UTR by miR-409-3p and miR-216b. HEK293 cells were cotransfected with pGL3-SV40 (empty vector; white column) or a pGL3-SV40 construct containing the TrkB-Shc 3′UTR (black column) in combination with **a** miR-409-3p or control miRNA and **b** miR-216b or control miRNA. Data are normalized to the respective empty vector controls and expressed as relative luciferase activity. Values are presented as mean ± SEM and are representative of n = 3 independent experiments from three replicate cultures. \* p = 0.002; \*\* p = 0.00002.](dee-0004-0364-g02){#F2}

![Effect of miR-409-3p and miR-216b on TrkB expression. **a** SHSY5Y cells were transfected with miR-409-3p, miR-216b, or control miRNA. Expression of TrkB-Shc (white column), TrkB-TK+ (black column), and TrkB-TK-(grey column) mRNA expression was measured by qPCR. Data are expressed as TrkB mRNA normalized to β-actin mRNA and presented as mean ± SEM. Values are representative of n = 3 independent experiments from three replicate cultures. **b** Representative Western blots of SHSY5Y cells probed with a TrkB antibody, which can detect the predicted 140-kDa protein (white column) representing the full length TrkB proteins including the TrkB-TK+ isoform as well as the 90-kDa protein (black column) representing the truncated TrkB proteins including the TrkB-TK- and TrkB-Shc isoforms. β-Actin was probed as a protein loading control. **c** Bands were quantified by densitometry. TrkB protein expression was normalized to β-actin protein and presented as mean ± SEM. \* p = 0.03; \*\* p = 0.004.](dee-0004-0364-g03){#F3}
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